Current studies of the antioxidant activity of fungal resources are mainly focused on the fruiting bodies of edible mushrooms. To access the potential of basidiomycetes in culture-state applications, extracts of solid cultures of 83 basidiomycetous fungi newly isolated from woody materials were prepared at the same concentration (10 mg/ml), and their antioxidant activities were measured using ABTS (2,2 -azino-bis-3-ethylbenzothiazoline-6-sulfonic acid) and DPPH (2,2-diphenyl-1-picrylhydrazyl) radical-scavenging assays. Among the basidiomycetes tested, Cryptoporus volvatus, Daedalea dickinsii, Gloeophyllum abietinum, G. trabeum, Pseudomerulius curtisii and Stereum hirsutum exhibited good antioxidant activities. The EC 50 value for the removal of free radicals was lowest (i.e., most effective) in the crude extract of S. sanguinolentum (19.61 g/ml), and reduced DNA damage based on a DNA nicking assay was observed for the extracts from the six basidiomycetous species above.
Introduction
The process of oxidation is essential to living organisms for the production of energy; however, the generation of free radicals under respiration has been implicated in a range of human diseases, such as myocardial ischemia, arteriosclerosis, diabetes, rheumatoid arthritis, inflammation and cancer initiation, and free radicals have also been regarded as one cause of aging (Coyle and Puttfarcken, 1993; Halliwell and Gutter-idge. 1985; Margaill et al., 2005) . Accordingly, searching for new compounds with antioxidative properties that can control free radicals is an active area of research.
In the past decade, many investigations have aimed to discover antioxidants in plants (Assimopoulou et al., 2004; Elmastas et al., 2005) . However, natural products derived from microorganisms also represent an important source of novel antioxidant compounds (Strobel and Daisy, 2003) . Fungi are good candidate sources for the discovery of new natural products because of their metabolic and genetic diversity, and these organisms have been studied for more than 75 years due to the pharmaceutical potential of their secondary metabolites. Similar to plants, the fruiting bodies of some fungi can accumulate a variety of secondary metabolites, including phenolic compounds, polyketides, ter-penes and steroids (Turkoglu et al., 2007) .
Wild mushrooms, especially basidiomycetes, are traditionally used in many Asian countries as both food and medicine (Isildak et al., 2004; Sanmee et al., 2003) . Although antioxidant compounds from mushrooms have been described (Sarikurkcu et al., 2008) , some medicinal mushrooms require a long period of time to form fruiting bodies and are difficult to cultivate in greenhouses; thus, it is expensive to obtain fruiting bodies (Song and Yen, 2002) . Solid-medium cultivation is one possible way to overcome these disadvantages (Asatiani et al., 2010) ; the production of useful metabolites in the culture broth would allow the more efficient and economical isolation of these compounds. In this study, the antioxidant properties of fungal extracts obtained after solid-state incubation were investigated.
Materials and Methods
Microbes and culture conditions. A total of 83 basidiomycetes classified under 60 genera were obtained from the Korea University Culture collection (KUC collection). Each isolate listed in Table 1 was collected from various sites and substrates in Korea from 1999 to the present. The fungal isolates were incubated on 2% potato dextrose agar (PDA) at 25 C in the dark until the plate was covered by mycelia. Inoculum from each isolate was transferred to three Petri dishes (150 mm in diameter) containing 50 ml PDA. These new plates were incubated under the same conditions as above.
Preparation of fungal extracts. The three PDA plates covered with mycelia were extracted with 200 ml MeOH for 24 h in a wide-mouth bottle and then filtered with Whatman No. 1 filter paper. The filtrate was dried at 35 C using a rotary vacuum evaporator and redissolved in a water-ethyl acetate solution (50 50). The solution was allowed to separate for 6 h, and then the ethyl acetate fraction was collected and dried under the same conditions described above. The mass of each dried extract was measured and redissolved in dimethyl sulfoxide (DMSO) at the same concentration (10 mg/ml). The prepared extracts were maintained at 4 C in the dark until use. Radical-scavenging assays ABTS radical-scavenging assay: The ABTS (2,2 -azino-bis-3-ethylbenzothiazoline-6-sulfonic acid, Sigma-Aldrich, Inc., St. Louis, MO) radical-scavenging activity was measured as described Roberta et al. (1999) , with minor modifications. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid; Sigma-Aldrich, Inc.) and BHA (Butylated hydroxyanisole, Sigma-Aldrich, Inc.), well-known antioxidant agents, were used as the antioxidant standard. Briefly, ABTS was dissolved in phosphate-buffered saline (PBS, pH 7.4) to 7 mM, and the ABTS radical cation (ABTS •+ ) was produced by the addition of potassium persulphate at a final concentration of 2.45 mM. The mixture was incubated for 16 h at room temperature in the dark, and the resultant ABTS radical solution was diluted to an absorbance of 0.70 ( 0.02) at 734 nm. A 198 µl aliquot of the prepared ABTS radical solution was reacted with 2 µl of crude extract (diluted to 5 mg/ml in DMSO) in 96-well microplates. After exactly 6 min, the absorbance at 734 nm of the mixture was measured using a microplate reader.
DPPH radical-scavenging assay: The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical-scavenging activity of each extract was determined as described by Sharma and Bhat (2009) , with minor modifications. The DPPH radical solution (Sigma-Aldrich, Inc., 200 µM) was dissolved in methanol, and 100 µl was transferred to each well of a 96-well microplate. Crude extracts of basidiomycete culture (diluted to 400 µg/ml with methanol) were added to each well, and the mixtures were incubated at room temperature for 40 min. The absorbance at 514 nm was measured using a microplate reader. Extracts plus 100 µl methanol served as the blanks, and Trolox as well as BHA were used as the antioxidant standard compound.
DNA nicking assay: A DNA nicking assay was performed as described by David et al. (2000) . In brief, 2 µl of each crude extract of Gloeophyllum trabeum, Daedalea dickinsii, Pseudomerulius curtisii, Stereum sanguinolentum, Cryptoporus volvatus and Gloeophyllum abietinum (1 mg/ml) was mixed with 2 µl each of EDTA-Na 2 (30 mM), KH 2 PO 4 buffer (50 mM, pH 7.4), H 2 O 2 (30 mM), FeSO 4 (16 mM) and pBR322 plasmid DNA (0.1 µg/ml) in a 1.5 ml microtube. The reaction mixtures were incubated for 1 h at 37 C in a water bath. Then, bromophenol blue (2.5%, w/v) was added to the mixture, and 10 µl was loaded onto a 0.7% (w/v) agarose gel. Electrophoresis was conducted at 120 volts in 1 Tris-acetate-ethylenediamine tetraacetic acid buf-fer for 20 min. The agarose gel was stained with ethidium bromide (0.5 µg/ml) for 20 min, and the DNA bands were visualized using a UV transilluminator. Statistical analysis SAS version 8.4 was used for the data analysis. The radical removal rates of the extracts were calculated by the following equation: % radical removal = [(absorbance of control absorbance of test sample) / absorbance of control] 100 DMSO alone was used as the negative control, and all of the determinations were performed in triplicate. The EC 50 values of the extracts were calculated using a four-parameter logistic model.
Results and Discussion
Free radical-scavenging assay ABTS and DPPH radical-scavenging assays were conducted to evaluate the free radical-scavenging activity of the basidiomycetes. The antioxidative activities ranged from 1.35% to 98.37% and from 3.52 to 93.40 for the ABTS and DPPH assays, respectively. We concluded that the antioxidant activities found were mainly due to the active antioxidative compounds present in the extracts. The results, summarized in Fig. 1 , indicated that many of the basidiomycete culture extracts contained antioxidative compounds. Furthermore, some of the crude extracts, including Cryptoporus volvatus, Daedalea dickinsii, Gloeophyllum abietinum, G. trabeum, Pseudomerulius curtisii and Stereum sanguinolentum, exhibited relatively high antioxidative activities (Table 2) .
Among them, C. volvatus, D. dickinsii and P. curtisii already have been investigated for their antioxidant compounds in many previous studies (Asakawa et al., 1992; Hashimoto et al., 1987 Hashimoto et al., , 1988 Hashimoto et al., , 1989 Hashimoto et al., , 1998 Lee et al., 2009; Morimura et al., 2007; Quang et al., 2003 Quang et al., , 2005 Yun et al., 2000) .
However, two basidiomycetes belonging to genus Gloeophyllu, which were used in this study have not previously been reported to have good antioxidant properties to our knowledge. G. trabeum and G. abietinum revealed strong ABTS radical-removing activities (98.37% and 94.22%, respectively). Kalyoncu et al. (2010) investigated the antioxidant activities of the mycelia of 21 wild mushrooms, including G. trabeum but did not report any striking antioxidant activities in the chloroform, ethanol or water extracts of G. trabeum mycelia. Because members of the genus Gloeophyllum rarely form fruiting bodies under field conditions, the investi- S. sanguinolentum also demonstrated a desirable antioxidant activity in the radical-scavenging assays. S. hirsutum, a well-known antioxidant producer belonging to the same genus (Stereum), has been examined in many previous studies (Yoo et al., 2005 (Yoo et al., , 2006 Yun et al., 2002) . However, to our knowledge, the antioxidant metabolites of S. sanguinolentum have not been characterized. The EC 50 values of the major antioxidant producers in this study indicated that the crude extracts of S. sanguinolentum exhibited the strongest antioxidative properties (Table 2) . Therefore, this microbe is regarded as a good source for producing antioxidant compounds.
DNA nicking assay
The reduction of DNA damage was evaluated by an in vitro DNA nicking assay, which is regarded as a very sensitive indicator of DNA damage (Su et al., 2006) . Six basidiomycetes, Cryptoporus volvatus, Daedalea dickinsii, Gloeophyllum abietinum, G. trabeum, Pseudomerulius curtisii and Stereum hirsutum, which were concluded to be potential antioxidant producers by the radical-scavenging assays, were tested. The results from the DNA nicking assay are shown in Fig. 2 In conclusion, six major basidiomycetes, C. volvatus, D. dickinsii, G. abietinum, G. trabeum, P. curtisii and S. sanguinolentum, were concluded to be potential antioxidant producers in a solid-state culture using radicalscavenging assays and a DNA nicking assay. There is need for further study of the active compounds of three noble strains for production of antioxidant compounds, G. abietinum, G. trabeum, and S. sanguinolentum. The numbers in parentheses refer to standard deviations. d EC 50 values are obtained from DPPH radicalscavenging assay. e Trolox and BHA were used as positive standard compounds. 
